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ABSTRACT

Identification of at least one of a plurality of possible touch
locations as an actual touch location may 1nclude detecting a
plurality of possible touch locations at a touch sensing sur-
face, wherein detecting the plurality of possible touch loca-
tions comprises performing a resolve scan of at least a first
sensor element at the touch sensing surface, where the first
sensor element corresponds to at least a first coordinate of the
plurality of coordinates.
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MULTI-TOUCH DISAMBIGUATION

RELATED APPLICATIONS

This application claims the benefit of U.S. Provisional
Application No. 61/143,199, filed on Jan. 8, 2009 and U.S.

Provisional Application No. 61/145,457, filed on Jan. 16,
2009.

TECHNICAL FIELD

This disclosure relates to the field of user interface devices
and, in particular, to disambiguation of multiple touches at a
touch sensing surface.

BACKGROUND

Computing devices, such as notebook computers, personal
data assistants (PDAs), kiosks, and mobile handsets, have
user interface devices, which are also known as human inter-
face devices (HID). One user interface device that has
become more common 1s a touch-sensor pad (also commonly
referred to as a touchpad). A basic notebook computer touch-
sensor pad emulates the function of a personal computer (PC)
mouse. A touch-sensor pad 1s typically embedded into a PC
notebook for built-in portability. A touch-sensor pad repli-
cates mouse X/Y movement by using two defined axes which
contain a collection of sensor elements that detect the position
ol an object, such as a finger. Mouse right/left button clicks
can be replicated by two mechanical buttons, located in the
vicinity of the touchpad, or by tapping commands on the
touch-sensor pad itself. The touch-sensor pad provides a user
interface device for performing such functions as positioning
a pointer, or selecting an 1tem on a display. These touch-
sensor pads may include, for example, sensor arrays having
two dimensions for detecting movement 1n a plane. The sen-
sor array may include a one-dimensional sensor array, detect-
ing movement 1n one axis. The sensor array may also be two
dimensional, detecting movements 1n two axes.

Another user interface device that has become more com-
mon 1s a touch screen. Touch screens, also known as touch-
screens, touch panels, or touchscreen panels, are transparent
display overlays which are typically either pressure-sensitive
(resistive or piezoelectric), electrically-sensitive (capacitive),
acoustically-sensitive (surface acoustic wave (SAW)), or
photo-sensitive (infra-red). The effect ol such overlays allows
a display to be used as an input device, removing the keyboard
and/or the mouse as the primary input device for interacting
with the display’s content. Such displays can be attached to
computers or, as terminals, to networks. There are a number
of types of touch screen technologies, such as optical imag-
ing, resistive, surface acoustical wave, capacitive, infrared,
dispersive signal, piezoelectric, and strain gauge technolo-
gies. Touch screens have become familiar 1n retail settings, on
point-of-sale systems, on ATMs, on mobile handsets, on
kiosks, on game consoles, and on PDAs where a stylus 1s
sometimes used to manipulate the graphical user interface
(GUI) and to enter data. A user can touch a touch screen or a
touch-sensor pad to manipulate data. For example, a user can
apply a single touch, by using a finger to press the surface of
a touch screen, to select an item from a menu.

BRIEF DESCRIPTION OF THE DRAWINGS

The present disclosure 1s illustrated by way of example,
and not by way of limitation, 1n the figures of the accompa-
nying drawings.
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FIG. 1 illustrates a block diagram of one embodiment of an
clectronic system that processes touch sensor data.

FIG. 2A 1llustrates a block diagram of an embodiment of an
clectronic system that processes touch sensor data.

FIG. 2B illustrates a circuit for measuring a self capaci-
tance, according to an embodiment.

FIG. 3 illustrates one embodiment of a sensor array.

FIG. 4A 1llustrates an equivalent circuit representing a
sensor array, according to one embodiment.

FIG. 4B 1illustrates an equivalent circuit representing a
sensor array with contacts applied, according to one embodi-
ment.

FIG. Sillustrates an equivalent circuit representing a sensor
array, according to one embodiment.

FIG. 6A illustrates an equivalent circuit of a sensor array,
according to one embodiment.

FIG. 6B 1llustrates an equivalent circuit of a sensor array,
according to one embodiment.

FIG. 7A illustrates an equivalent circuit of a sensor array,
according to one embodiment.

FIG. 7B 1illustrates an equivalent circuit of a sensor array,
according to one embodiment.

FIG. 8A 1illustrates one embodiment of a sensor array.

FIG. 8B illustrates an equivalent circuit of a sensor array,
according to one embodiment.

FIG. 9 illustrates one embodiment of a sensor array having
a manufacturing defect.

FIG. 10 1s a flow diagram illustrating a multiple touch
detection process, according to one embodiment.

FIG. 11 1s a flow diagram illustrating a resolve scan pro-
cess, according to one embodiment.

FIG. 12 1s a flow diagram 1illustrating a resolve scan pro-
cess, according to one embodiment.

FIG. 13 1s a flow diagram illustrating a resolve scan pro-
cess, according to one embodiment.

DETAILED DESCRIPTION

The following description sets forth numerous specific
details such as examples of specific systems, components,
methods, and so forth, 1n order to provide a good understand-
ing of several embodiments of the present invention. It will be
apparent to one skilled 1n the art, however, that at least some
embodiments of the present invention may be practiced with-
out these specific details. In other instances, well-known
components or methods are not described 1n detail or are
presented 1n a simple block diagram format 1n order to avoid
unnecessarily obscuring the present invention. Thus, the spe-
cific details set forth are merely exemplary. Particular imple-
mentations may vary from these exemplary details and still be
contemplated to be within the spirit and scope of the present
ivention.

One embodiment of a multi-touch gesture trackpad or
other device including a touch sensing surface operates by
performing self-capacitance measurements on each of the
rows and columns in an array of touch sensing elements,
including row elements and column elements, at the touch
sensing surface. These measurements can be represented as a
histogram of measured values for the row elements and a
histogram of measured values for the column elements. For
detecting a single contact at the touch sensing surface, the
peak of each histogram indicates the row and column location
of the contact.

In one embodiment, when multiple touches are applied to
such a touch sensing surface, the row and column histograms
may have two or more peaks such that the system cannot
distinguish the actual locations of the contacts at the touch
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sensing surface based on the histograms alone. For example,
two touches at a touch sensing surface that are not aligned in
either the X or Y directions may result in two peaks for each
of the row and column histograms, indicating four possible
contact locations. To determine which of the possible touch
locations 1s a location of an actual contact, the system may
perform a disambiguation process.

The touch sensing system may perform a resolve scan as
part ol a disambiguation process. In one embodiment, the
resolve scan may include measurements of sensor elements
corresponding to the histogram peaks. For example, two
touches at the touch sensing surface may result 1n four histo-
gram peaks (two row peaks and two column peaks) and four
possible touch locations. These four possible contact loca-
tions can be disambiguated to determine the locations of the
original two actual contacts by performing a measurement of
the sensor elements intersecting at least one of the possible
contact locations to determine whether an actual contact 1s
present at the measured possible contact location.

In cases where more than two actual contacts are applied to
the touch sensing surface, the number of possible contact
locations also increases. For example, three actual contacts
may resultin up to three peaks for each of the row and column
histograms, which correspond to nine possible contact loca-
tions. A resolve scan may be performed to determine whether
an actual contact 1s present at each of these possible contact
locations. In one embodiment, deducing the locations of all
the actual contacts does not require scanning all of the pos-
sible contact locations and may be accomplished with a
resolve scan that includes only some of the possible contact
locations.

In an alternative embodiment, the resolve scan may include
two or more measurements of a sensor element correspond-
ing to one of the histogram peaks. The two measurements
may be compared to determine whether the location of an
actual contact 1s closer to a first end of the sensor element or
a second end of the sensor element. For example, where two
possible contact locations are present at a sensor element, the
resolve scan may identify which of the two possible contacts
1s an actual contact by determining that the actual contact 1s
closer to one end of the sensor element or another.

FIG. 1 i1llustrates a block diagram of one embodiment of an
clectronic system 100 including processing logic 102 that
may be configured to perform a disambiguation process for
determining locations ol multiple touches at a touch sensing
surface. The electronic device 100 1ncludes a touch-sensing
surface 116 (e.g., a touchscreen, or a touch pad) coupled to a
processing device 110 and ahost 150. In one embodiment, the
touch-sensing surtace 116 1s a two-dimensional user interface
that uses a sensor array 121 to detect touches on the surface
116.

In one embodiment, the sensor array 121 includes sensor
clements 121(1)-121(N) (where N 1s a positive integer) that
are disposed as a two-dimensional matrix (also referred to as
an XY matrix). The sensor array 121 1s coupled to pins 113
(1)-113(N) of the processing device 110 via an analog bus 115
transporting multiple signals. In this embodiment, each sen-
sor element 121(1)-121(N) 1s represented as a capacitor. The
capacitance of each sensor in the sensor array 121 1s measured
by a capacitance sensor 101 1n the processing device 110.

In one embodiment, the capacitance sensor 101 may
include a relaxation oscillator or other means to convert a
capacitance into a measured value. The capacitance sensor
101 may also include a counter or timer to measure the oscil-
lator output. The capacitance sensor 101 may further include
soltware components to convert the count value (e.g., capaci-
tance value) into a sensor element detection decision (also
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4

referred to as switch detection decision) or relative magni-
tude. It should be noted that there are various known methods
for measuring capacitance, such as current versus voltage
phase shift measurement, resistor-capacitor charge timing,
capacitive bridge divider, charge transier, successive approxi-
mation, sigma-delta modulators, charge-accumulation cir-
cuits, field effect, mutual capacitance, frequency shift, or
other capacitance measurement algorithms. It should be
noted however, instead of evaluating the raw counts relative to
a threshold, the capacitance sensor 101 may be evaluating
other measurements to determine the user interaction. For
example, 1n the capacitance sensor 101 having a sigma-delta
modulator, the capacitance sensor 101 1s evaluating the ratio
of pulse widths of the output, instead of the raw counts being
over a certain threshold.

In one embodiment, the processing device 110 further
includes processing logic 102. Operations of the processing
logic 102 may be implemented 1n firmware; alternatively, 1t
may be implemented 1n hardware or software. The processing,
logic 102 may receive signals from the capacitance sensor
101, and determine the state of the sensor array 121, such as
whether an object (e.g., a finger) 1s detected on or in proximity
to the sensor array 121 (e.g., determining the presence of the
object), where the object 1s detected on the sensor array,
tracking the motion of the object, or other information related
to an object detected at the touch sensor.

In another embodiment, instead of performing the opera-
tions of the processing logic 102 1n the processing device 110,
the processing device 110 may send the raw data or partially-
processed data to the host 150. The host 150, as 1llustrated in
FIG. 1, may include decision logic 151 that performs some or
all of the operations of the processing logic 102. Operations
of the decision logic 151 may be implemented in firmware,
hardware, software, or a combination thereof. The host 150
may include a high-level Application Programming Interface
(API) mn applications 152 that perform routines on the
received data, such as compensating for sensitivity difier-
ences, other compensation algorithms, baseline update rou-
tines, start-up and/or mitialization routines, interpolation
operations, or scaling operations. The operations described
with respect to the processing logic 102 may be implemented
in the decision logic 151, the applications 152, or in other
hardware, software, and/or firmware external to the process-
ing device 110. In some other embodiments, the processing
device 110 1s the host 150.

In another embodiment, the processing device 110 may
also include a non-sensing actions block 103. This block 103
may be used to process and/or receive/transmit data to and
from the host 150. For example, additional components may
be implemented to operate with the processing device 110
along with the sensor array 121 (e.g., keyboard, keypad.,
mouse, trackball, LEDs, displays, or other peripheral
devices).

The processing device 110 may reside on a common carrier
substrate such as, for example, an integrated circuit (IC) die
substrate, or a multi-chip module substrate. Alternatively, the
components of the processing device 110 may be one or more
separate integrated circuits and/or discrete components. In
one embodiment, the processing device 110 may be the Pro-
grammable System on a Chip (PSoC™) processing device,
developed by Cypress Semiconductor Corporation, San Jose,
Calif. Alternatively, the processing device 110 may be one or
more other processing devices known by those of ordinary
skill 1n the art, such as a microprocessor or central processing,
unit, a controller, special-purpose processor, digital signal
processor (DSP), an application specific integrated circuit
(ASIC), a field programmable gate array (FPGA), or other
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programmable device. In an alternative embodiment, for
example, the processing device 110 may be a network pro-
cessor having multiple processors including a core unit and
multiple micro-engines. Additionally, the processing device
110 may include any combination of general-purpose pro-
cessing device(s) and special-purpose processing device(s).

In one embodiment, the electronic system 100 1s 1mple-
mented 1n a device that includes the touch-sensing surface
116 as the user interface, such as handheld electronics, por-
table telephones, cellular telephones, notebook computers,
personal computers, personal data assistants (PDAs), kiosks,
keyboards, televisions, remote controls, monitors, handheld
multi-media devices, handheld wvideo players, gaming
devices, control panels of a household or industrial appli-
ances, or other computer peripheral or input devices. Alter-
natively, the electronic system 100 may be used 1n other types
of devices. It should be noted that the components of elec-
tronic system 100 may include all the components described
above. Alternatively, electronic system 100 may include only
some of the components described above, or include addi-
tional components not listed herein.

FI1G. 2A 1s a block diagram illustrating one embodiment of
a capacitive touch sensor array 121 and a capacitance sensor
101 that converts measured capacitances to coordinates. The
coordinates are calculated based on measured capacitances.
In one embodiment, sensor array 121 and capacitance sensor
101 are implemented 1n a system such as electronic system
100. Sensor array 220 includes a matrix 225 of NxM elec-
trodes (N receive electrodes and M transmit electrodes),
which further includes transmit (1X) electrode 222 and
receive (RX) electrode 223. Each of the electrodes 1n matrix
225 1s connected with capacitance sensing circuit 201
through multiplexers 212 and 213.

Capacitance sensor 101 includes multiplexer control 211,
multiplexers 212 and 213, clock generator 214, signal gen-
erator 215, demodulation circuit 216, and analog to digital
converter (ADC) 217. ADC 217 1s further coupled with touch
coordinate converter 218. Touch coordinate converter 218
outputs a signal to the processing logic 102.

The transmit and receive electrodes 1n the electrode matrix
225 may be arranged so that each of the transmit electrodes
overlap and cross each of the receive electrodes such as to
form an intersection, while maintaining galvanic i1solation
from each other. Thus, each transmit electrode may be capaci-
tively coupled with each of the receirve electrodes. For
example, transmit electrode 222 1s capacitively coupled with
receive electrode 223 at the point where transmit electrode
222 and recerve electrode 223 intersect.

Clock generator 214 supplies a clock signal to signal gen-
erator 215, which produces a TX signal 224 to be supplied to
the transmit electrodes of touch sensor 220. In one embodi-
ment, the signal generator 215 includes a set of switches that
operate according to the clock signal from clock generator
214. The switches may generate a TX signal 224 by periodi-
cally connecting the output of signal generator 2135 to a first
voltage and then to a second voltage, wherein said first and
second voltages are different.

The output of signal generator 215 1s connected with mul-
tiplexer 212, which allows the TX signal 224 to be applied to
any of the M transmit electrodes of touch sensor 220. In one
embodiment, multiplexer control 211 controls multiplexer
212 so that the TX signal 224 1s applied to each transmit
clectrode 1n a controlled sequence. Multiplexer 212 may also
be used to ground, float, or connect an alternate signal to the
other transmit electrodes to which the TX signal 224 1s not
currently being applied.
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Because of the capacitive coupling between the transmit
and receive electrodes, the TX signal 224 applied to each
transmit electrode induces a current within each of the receive
clectrodes. For instance, when the TX signal 224 1s applied to
transmit electrode 222 through multiplexer 212, the TX sig-
nal 224 induces an RX signal 227 on the receive electrodes in
matrix 225. The RX signal 227 on each of the receive elec-
trodes can then be measured 1n sequence by using multiplexer
213 to connect each of the N recerve electrodes to demodu-
lation circuit 216 1n sequence.

The capacitance associated with each intersection between
a TX electrode and an RX electrode can be sensed by select-
ing every available combination of TX electrode and an RX
clectrode using multiplexers 212 and 213. To improve pertor-
mance, multiplexer 213 may also be segmented to allow more
than one of the recerve electrodes 1n matrix 225 to be routed
to additional demodulation circuits 216. In an optimized con-
figuration, wherein there 1s a 1-to-1 correspondence of
instances of demodulation circuit 216 with receive elec-
trodes, multiplexer 213 may not be present 1n the system.

When an object, such as a finger, approaches the electrode
matrix 225, the object causes a decrease 1n the mutual capaci-
tance between only some of the electrodes. For example, 1f a
finger 1s placed near the intersection of transmit electrode 222
and receive electrode 223, the presence of the finger will
decrease the mutual capacitance between the two electrodes
222 and 223. Thus, the location of the finger on the touchpad
can be determined by identifying the one or more receive
clectrodes having a decreased mutual capacitance in addition
to 1dentifying the transmit electrode to which the TX signal
224 was applied at the time the decreased mutual capacitance
was measured on the one or more recetve electrodes.

By determining the mutual capacitances associated with
cach intersection of electrodes 1n the matrix 225 the locations
ol one or more contacts may be determined. The determina-
tion may be sequential, 1n parallel, or may occur more ire-
quently at commonly used electrodes.

In alternative embodiments, other methods for detecting
the presence of a finger or conductive object may be used
where the finger or conductive object causes an increase in
capacitance at one or more electrodes, which may be arranged
in a grid or other pattern. For example, a finger placed near an
clectrode of a capacitive sensor may introduce an additional
capacitance to ground that increases the total capacitance
between the electrode and ground. The location of the finger
can be determined from the locations of one or more elec-
trodes at which an increased capacitance 1s detected.

The induced current wavetorm 227 1s rectified by demodu-
lation circuit 216. The rectified current output by demodula-
tion circuit 216 can then be filtered and converted to a digital
code by ADC 217.

The digital code 1s converted to touch coordinates indicat-
ing a position of an input on touch sensor array 121 by touch
coordinate converter 218. The touch coordinates are transmiut-
ted as an mput signal to the processing logic 102. In one
embodiment, the 1put signal i1s recetved at an input to the
processing logic 102. In one embodiment, the input may be
configured to receive capacitance measurements indicating a
plurality of row coordinates and a plurality of column coor-
dinates. Alternatively, the input may be configured to receive
row coordinates and column coordinates.

In one embodiment, the sensor array 121 can be configured
to detect multiple touches. One technique for multi-touch
detection uses a two-axis implementation: one axis to support
rows and another axis to support columns. Additional axes,
such as a diagonal axis, implemented on the surface using
additional layers, can allow resolution of additional touches.
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While FIG. 2 A 1llustrates a capacitance sensing circuit that
measures mutual capacitance between sensor elements, vari-
ous circuit implementations for performing capacitance mea-
surement may measure seli capacitances of each electrode.
FIG. 2B 1illustrates a self-capacitance circuit 200 that uses a
charge accumulation technique to measure the capacitance
Cy 204. In an embodiment, the capacitance C, 204 may
represent the self capacitance of a sensor element similar to
the sensor elements 1n the electrode matrix 225 of sensor
array 121.

A charge accumulation technique operates 1n the following
manner: initially the integration capacitor 1s reset by turning,
on the reset switch 205 for some time. After reset, the
switches 201 and 202 start operation 1n two non-overlapping
phases. During a first duration of the switching cycle, switch
201 1s closed while switch 202 1s open so that C, 204 1s
charged. During a second duration of the switching cycle,
switch 202 1s closed while switch 201 1s open so that the
accumulated charge at C,- 204 1s transierred to C,, , 203. The
voltage on C, 203 starts increasing. The sensing capacitance
1s determined by the number of switching cycles used to cause
the voltage of the integrator capacitor C, . 203 to reach a
threshold value. The voltage at C, . 203 may be accessible
from node 206, which may be connected to a comparator or
other measurement circuit

With such a charge accumulation technique, the voltage on
the integration capacitance rises exponentially with respect to
time (which can be measured by the cycle count). This rela-
tionship can be linearized for measurement methods where
capacitance 1s calculated as a function of integration capaci-
tor voltage after a predefined number of cycles. In one
embodiment, a self capacitance may be measured during a
scan for each of a number of sensor elements 1n a sensor array
having a similar layout as sensor array 121. Since the prox-
imity or contact of an object, such as a finger, changes the self
capacitance of a sensor element, the self capacitances of the
sensor elements may indicate the location of a contact and
may further be used to calculate coordinates for the contact
location.

One embodiment of an electronic touch sensing system
such as electronic system 100 may be connected to a sensor

array such as sensor array 300, illustrated in FIG. 3. The
sensor array 300 includes horizontal sensing elements 310
(1)-310(6) and vertical sensing elements 320(1)-320(9).

In one embodiment, the touch sensing system scans the
sensor array 300 by taking sequential measurements of each
sensing element 1 sequence. For example, the scan may
measure the capacitance at each of the sensing elements 310
(1)-310(6) 1n sequential order, and then measure the capaci-
tance at each of the sensing elements 320(1)-320(9) in
sequential order. Alternatively, the scan may measure two or
more of the sensing elements 1n parallel. In one embodiment,
the result of such a scan may be a histogram 330 for the
horizontal (X) and a histogram 340 for the vertical (Y) axis.

The X axis histogram 330 represents the capacitances mea-
sured at the vertical sensor elements 320(1)-320(9). Since
contacts at the touch sensing surface affect these measured
capacitances, the locations of such contacts along the X axis
may be represented as peaks 1n the X axis histogram. For
example, 11 two contacts 351 and 352 are applied to the touch
sensing surface, the locations along the X axis of contact 351
and contact 352 are represented as peaks 331 and 332, respec-
tively, 1n histogram 330.

Similarly, the Y axis histogram 340 represents the capaci-
tances measured at the horizontal sensor elements 310(1)-
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310(6). Thus, the locations of contacts 351 and 352 along the
Y axis are represented as peaks 341 and 342, respectively, in
the Y axis histogram 340.

In one embodiment, when only a single contact 1s applied
to the touch sensing surface, the system may determine the
location of the single contact based on the X and Y histo-
grams, since the peak of each histogram indicates the row and
column locations of the finger contact. However, when mul-
tiple contacts are present, the histograms may indicate a num-
ber of possible contact locations. For example, when the
actual contacts 351 and 352 are applied to the touch sensing
surface, the resulting peaks 331, 332, 341, and 342 indicate
additional possible touch locations 353 and 354.

For example, whether the two contacts are at locations 351
and 352, or whether the two contacts are at locations 353 and
354, 1dentical histograms may result. When additional actual
contacts are added, the number of possible contact locations
also increases. For N actual contacts, the resulting histograms
may indicate up to N* possible contact locations.

In order to determine that the contacts 351 and 352 are the
actual contact locations from among the possible contact
locations 351, 352, 353, and 354, the system may perform an
additional resolve scan. In one embodiment, the system may
perform a resolve scan of the horizontal or vertical sensor
clements corresponding to one or more of the peaks, such as
peaks 331, 332, 341, or 342, detected during the mitial scan.

In one embodiment of an electronic system that performs a
resolve scan for detecting multiple touches, the system begins
by performing a standard scan of all row and column sensing
clements sequentially or 1n parallel, using a self capacitance
measurement technique. The system performs a resolve scan
measuring mutual capacitances when multiple possible con-
tact locations are detected. In one embodiment, 1 multiple
peaks, such as peaks 331 and 332, are detected 1n the X axis
histogram and multiple peaks, such as peaks 341 and 342, are
detected 1n the Y axis histogram, the system performs the
resolve scan.

In one embodiment, performing the resolve scan includes
scanning a first sensing element corresponding to one of the
coordinate locations indicated by a histogram peak along
with a second and a third sensing element corresponding to
two other coordinate locations indicated by a histogram peak.
In one embodiment, the coordinate locations of the second
and third sensing elements are indicated by a different histo-
gram than the coordinate location of the first sensing. For
example, with reference to FIG. 3, the resolve scan may
measure sensor element 320(2) in conjunction with sensor
clement 310(5), and measure sensor element 320(2) with
sensor element 310(2). In this case, peaks 341 and 342 1ndi-
cate the second and third sensor elements 310(35) and 310(2),
respectively, while the first sensor element 320(2) 1s repre-
sented by peak 331.

The system thus conducts a first scan of sensor elements
320(2) and 310(5) and a second scan of sensor elements
320(2) and 310(2). In one embodiment, a count value mea-
sured from the first scan will be lower than a count value
measured from the second scan because the actual contact 1s
applied at sensor elements 320(2) and 310(5), while no con-
tact 1s applied at the intersection of sensor elements 320(2)
and 310(2). Because the contact 1s applied near the intersec-
tion of elements 320(2) and 310(5), the mutual capacitance
between these sensor elements 320(2) and 310(5), and thus
the total capacitance, 1s reduced. The system can then deduce
that the actual contacts are located at locations 351 and 352,
rather than at 353 and 354.

In one embodiment, this principle of operation may be
applied to resolve the actual contact locations of three con-
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tacts, with nine possible contact locations. For example, the
system may scan five row-column pairs of sensor elements to
resolve the three contact locations.

In one embodiment, the count values measured {from each
of the resolve scans may be compared to each other to deter-
mine the location of the actual contact. Alternatively, the
resolve scan count values may be compared with the count
values measured from the standard scan of all the sensor
clements. The system can then determine the actual contact
locations based on this comparison.

In one embodiment, the system may perform aresolve scan
including more or all of the possible contact locations for
higher confidence 1n the disambiguation. In one embodiment,
the resolve scan may have different parameters than the stan-
dard scan of all the sensor elements. For example, the resolve
scan may be performed using a different scan time or wave-
form than the standard scan.

In one embodiment, the sensor array may be a capacitive
sensor having enhanced sensitivity to changes 1in mutual
capacitance between sensor elements, rather than to changes
in seli capacitance of each sensor element. In one embodi-
ment, more accurate resolve scan measurements may be
obtained by calculating or measuring any capacitance com-
pensation features (such as IDAC settings) and compensating,
for these capacitance compensation features.

In one embodiment, for purposes of a resolve scan, a his-
togram peak may indicate two or more sensor elements to be
scanned for each axis. For example, peak 342 1n the Y axis
histogram 340 may indicate sensor elements 310(2) and 310
(3) to be scanned with sensor element 320(2) indicated by
peak 331. Thus, several adjacent row or column sensor ele-
ments can be grouped together for the resolve scan since an
object 1n contact with the touch sensing surface, such as a
finger, 1s likely to couple mto more than one of the sensor
clements when the contact 1s applied to the surface.

One embodiment of an electronic system for detecting
multiple contacts at a touch sensing surface identifies actual
contact locations from the possible contact locations using a
difference function. The difference function is used to deter-
mine which of a number of possible sets of contact locations
represents the set of actual contact locations.

In one embodiment, the difference function 1s defined by
Equation 1 below:

2 - 3, (Equation 1)

Cg+ (m—1)Cy + C

Diff =

With regard to Equation 1, C, , represents the mutual capaci-
tance at an 1ntersection of a row sensor element and a column
sensor element when no contact is present, C, / represents the
mutual capacitance of an intersection when a contact 1s
present, C, 1s the parasitic capacitance of a row, and m 1s the
number of columns in the array.

In one embodiment, the magnitude of the difference func-
tion 1s a fraction of the magnitude of an ordinary self capaci-
tance measurement. Thus, for a system that 1s configured to
sense capacitances on the orderof C, -C, /, multiple measure-
ments of the diflerence function can be accumulated to gen-
crate a signal that 1s more readily detectable by the system.
For example, 1n the case where C,=0, the system may acquire
m/2 measurements of the difference function.

In one embodiment, the standard scan of the touch sensing,
array 1s performed in self capacitance mode, where the self
capacitances of each sensor element are measured. For
example, for a standard scan in self capacitance mode, a
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single-ended measurement 1s performed on a single row or
column while all other rows and columns are connected to
ground.

In one embodiment, the resolve scan differs from the stan-
dard scan 1n that during the resolve scan, an opposing matrix
clement 1s allowed to float during the self capacitance mea-
surement. For example, a row 1s allowed to float during a
column measurement, or a column 1s allowed to float during
a row measurement. In one embodiment, the row and column
sensor elements that are floated and measured correspond to
histogram peaks, such as peaks 331, 332, 341, and 342, which
further correspond to the possible touch locations, such as
locations 351, 352, 353, and 354. These are the sensor ele-
ments that are most affected by the actual contacts at the touch
sensing surface.

One embodiment of an electronic system such as system
100 may include a touch sensor array having n rows and m
columns, where all mutual capacitances C, , are equal and all
parasitic row capacitances C, are equal. Such an electronic
system may 1nclude processing logic, such as processing
logic 102 that 1s configured to detect multiple contacts at a
touch sensing surface.

For example, auser may place two fingers of the same hand
to the touch sensing surface, and the system may detect the
locations of the two fingers. With reference to FIG. 3, the
fingers may contact the sensing surface at locations 3353 and
354, resulting 1n peaks 331 and 332 1n the X axis histogram
330 and peaks 342 and 341 in the Y axis histogram 340.

In one embodiment, prior to performing the disambigua-
tion process, including the resolve scan, the system may
assess the data from the histograms to eliminate special cases
where the resolve scan 1s not needed. For example, if two
contacts exist that are aligned 1n the X or Y directions, the
resolve scan 1s not performed. In this case, the two contacts
result 1n only two possible contact locations because one of
the histograms detects only one peak for both contacts. In
response to detecting this case, the system determines both of
the possible contact locations to be actual contact locations.

In one embodiment, the system may also halt the disam-
biguation process upon detecting an error. For example, for
two contacts, 1f the number of detected possible contact loca-
tions does not equal four or the four possible contact locations
do not form a rectangle, the disambiguation process does not
proceed and the system may return an error code. The system
may similarly return error codes when more actual contacts
do not result in the appropriate number of possible contact
locations, or 11 the detected locations ol these possible contact
locations are not properly aligned.

In one embodiment, the resolve scan of the disambiguation
process determines a value of the difference function for a
pair of the possible contact locations. In one embodiment, the
pair of possible contact locations 1s aligned 1n either the X or
Y directions. For example, the resolve scan may determine a
difference function value using the possible contact locations
352 and 354, which are aligned in the direction of the Y axis.

In one embodiment, the processing logic performing the
resolve scan may identify the sensor elements intersecting
nearest a first of the possible contact locations. For example,
the processing logic 102 may identify sensor elements 310(5)
and 320(7) as forming the intersection nearest the possible
contact location 354. The processing logic 102, when per-
forming the resolve scan, may float one of these sensing
clements while measuring a capacitance at the other of the
sensing elements. For example, sensor element 310(5) may
be floated while a capacitance at sensor element 320(7) 1s
measured. The resulting equivalent circuit is illustrated in

FIG. 4A.
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In FIG. 4A, C_ and C,; represent the parasitic capaci-
tances for the sensor elements at column X and row Y, respec-
tively. For example, C,. and C_, 1 FIG. 4A represent the
parasitic capacitances of the sensor element 310(5) at row 5
and sensor element 320(7) at row 7. C,, denotes a mutual
capacitance between a column sensor element and a row
sensor element. In one embodiment, all of the mutual capaci-
tances C, , are assumed to be equal.

The combined mutual capacitances of the row sensor ele-
ments are represented i FIG. 4A as a single capacitance
having the value (n-2)C,, while the combined mutual

Finger

Test  Positions

353, 354
351,352
353, 354
351,352

SR CO I

capacitances of the column sensor elements is represented as
a single capacitance (m-2)C, ..

The magnitude of the mutual capacitance C,, between a
given row sensor element and column sensor element 1s
changed by the proximity of a finger or other conductive
object near the mtersection of the row sensor element and the
column sensor element, which may be detected as a contact.

In the following equations, C,,/ denotes the mutual capaci-

tance resulting from such a contact. Note that 1n one embodi-
ment, the standard scanning measurement 1s designed to
detect the value C, ~C, /.

FI1G. 4B 1llustrates an equivalent circuit including elements
ol the touch sensor array when two contacts are applied to the
touch sensing surface at locations 353 and 354. Where the
actual contacts are applied by two fingers of the same hand,
for example, each finger forms a capacitance, C.., between
itself and the nearest row and column elements. For example,
for a finger contact at location 354, C,, and C_., are capaci-
tances formed between the finger and sensor elements 310(5)
and 320(7), respectively. For the finger contact at location
353, C.; and C., are capacitances formed between the finger
and sensor elements 320(2) and 310(2), respectively. The
capacitance C,5 represents the capacitance between the
human body and ground.

The C,., capacitances are provided a conductive path
through each finger and, by extension, through the hand. Each
C., capacitance 1s assumed to be unique as 1ts value 1s a
function of both finger diameter and position. In one embodi-
ment, the C,-values are on the order of approximately 100 {F,
while the capacitance C,; between the human body and
ground 1s approximately 140 pF.

As compared to the circuit of FIG. 4A, the mutual capaci-
tance of FI1G. 4B between sensor elements 310(5) and 320(2)
1s C,/ rather than C,, because a finger contact 1s present at
location 351. The mutual capacitance between sensor ele-
ments 310(2) and 320(7) 1s also atfected by a finger, but 1t 1s
not shown as both of its associated sensor elements are
shorted to ground.

In addition to measuring the capacitance at sensor element
320(7) while floating the sensor element 310(3), the system
also measures the capacitance of sensor element 320(7) while
floating sensor element 310(2). FIG. 5 1llustrates an equiva-
lent circuit for this measurement.

According to the circuit 1llustrated 1n FIG. 5, the capaci-
tance 1s measured at sensor element 320(7) while sensor
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clement 310(2) 1s allowed to float and the remaiming row and
column sensor elements are grounded. The measurement pro-
ceeds 1 similar fashion as the measurement of the capaci-
tance of sensor element 320(7) while sensor element 310(5) 15
allowed to float, as described with reference to FIG. 4B.

The two measurements and two possible sets of contact
locations result 1n four possible circuits, each having the
topology of the equivalent circuit 600 illustrated 1n FIG. 6A.

Table 1 lists the possible capacitance values for the circuit
of FIG. 6.

TABLE 1

C2 C3 ¢G4 O Co

Cif Cro Cpyp Cpyp + Cpry + Cpy Cips + (m = 1),
Cir Cry Crz Cryp + Cpp + Cpy Cps + (m = 2)Cy + Cyf
Cir Cro Cpy Cryp +Cpy + Cpz Cpo + (m = 2)C + Cyf
Cir Cri Cro Cryp +Cpy + Cpy Cpo + (m = 1)Cyy

In Table 1, Test 1 refers to the measurement of sensor
clement 320(7) while sensor element 310(S5) 1s allowed to

float. Test 2 refers to the measurement of sensor element
320(7) while sensor element 310(2) 1s allowed to float.

The equivalent capacitance of the circuit 600 can be found
by substituting capacitances with impedances (Z-~=1/0C)
and finding the equivalent impedance. The delta topology
formed by capacitances C4, C35, and C6 can be simplified
using the delta to star transtormation. The simplified equiva-
lent circuit 650 1s illustrated in FIG. 6B.

The equivalent capacitance of the circuit 650 can be
reduced as follows:

( 1 y 1 ] (Equations 2)
C4-:ZU Cﬁﬂd

24 = ( 1 1 1 ]
C4{U C5{U Cﬁﬂd
~ Cs Cs
AT CLCs + CuCe + CsCow ~ (A)w
C
7, = S0
(A)w
C
Zp = —2
(A)w

A=C1C05+ CyCg+ C5C

Finding Rz, where Rp o (Zos+Z )I(Z 3+2Z ) 1 accom-
plished as follows:

(Equations 3)

Kep = — 1
— +—— + s+ L
CZ{U Cgfiu A ¢
A+C,Cs A4+ C30 1
>< —
R _ CzA Cg/dl (o
EO = " CoA T CaA + C2C3Cs + Cr(C3Ce
C,C3A

(A + CzCSJ(A + Cg C@)

Rio = Acw
T C3A + CaA + CoC3Cs + CoC3Ce)
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-continued
(A2 + CrCsA + C3Ce A + CrC3C5sCe) X AL
(C3A+ CHhA+ 505 + Ch(C3C6 ) w

REQ =

. (A + CrCs + C3Cs + CoC3CsCeA™)
B2 T (C3A + CoA + C2C3Cs + C2C3Co )

1

Finding R, where R;,=7;+R., 1s accomplished as

follows:
. Cs  (A+CoCs + CiCs + CaC3Cs5CA™) (Equations 4)
I +
BT (Ao (C3A + oA + CrC3Cs + CrC3 Cow
CEQ.F —
| (0
_|_
REQELU C4q N (C3A+ A+ Cr 305+ Cr(C3C)
(A)w (C3A+ CrA+ CrC3C5 + Ch(C3Cg M0

¢ A(C3A + Cr A+ Cr Oy Cg + O (C5C)
EQ" T CHCA + CoA + CoCaCs + CoCaCe) +

AA+ Gy Cs + C3Cg + Cr C5C Cﬁﬂ_l)

- (Cz + C3)A2 + CZCSCSA + 020306/4
EQ' = 32 A(CLCy + C3C, + C3C6 + C,Cs) +

Cr(C3C40s + Ch(C3C4C6 + CrC5C5C6

: (Cy + C3)A” + C,C3C5A + Co,C3CgA
B0 = AT L A(C,Cy + C3Cs + C3Cs + Cr Cs) + AC,Cs

C (Cz + Cg)A + 020305 + CZCE;C.«S
B T A FCrCa+ C3Ca + CaCe + CrCs + CoC

(Cz + C3)(C4C5 + C4C.5 + CgCﬁ) +

C CH (3 C5 + Cr (3 Cg
EQ" = Cr (3, CHC+CrCs + CCy +C3Cg +

ChCs + CyCg + CsCg

CrC3C5 + CrC3Ce . CoCyCs + CoCyCs + CrC5Ce
C3C1Cs + C3C1C + C3C5C
Cr(C5, ChCy + CrCs + C3Cy + C3Cg +
CaCs5 + ChCs + C5Cy

CEQI =

Starting with the equation for C,), the following general
relationships can be used to simplity the equation for the
measurement:

Crp> >0 Crr, Cps>>Cr

Cs>>C, 5, Ce>>C4,C) (Equations 5)

Using Equations 5 and Equations 4, the total capacitance
can be simplified as follows:

(5305 + Cr (3 Ce  CrCgCs + CrCyCg + CrC5Cg,y
(3005 + C3C1Cs + C3C5C

(Equations 6)

Crar =
e CrC, C5Cy + G Cs +C3Cy +
C3C +CaCs +CqCes + C5C
Cr(C5C5 + Cr(C3Cs, Ch ChCs +
CrCyCg+ Cr(CsCs, C3C5C
CEQ*"E 24446 2-5%6+ 38546 CiC.. CaCy = 0
CHr(C5 + (50
CEQ" =

(CHCs + CrCh + ChCg + C5C6
Ch + Cq

(H(3Cg + CrCyCe
+
Cs(C2 + Cs)
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-continued
CHr(C C3 +C CHr(C
Cpor =Cs + el x(1+ ’ 4)+ e
Chr + Cg Cs Cr + Co
(5 (g CH(y Cy +Cy
Crqr = (5 + + _—
EQ ) C2 + Cﬁ C2 + C6 CS

C,Ce CaCy
4
Cz + Cﬁ Cz + Cﬁ

Crowt = C1 + (3 +

The value of the difference function 1s determined by sub-
tracting the results for Test 1 (float element 310(5) while
measuring element 320(7)) and Test 2 (float element 310(2)
while measuring element 320(7)). The difference function 1s
expressed as Equation 7 below:

Dift=C 7y (Test 1) -Co,. (Test 2) (Equation 7)

Assuming that the row capacitances C are equal and
1ignoring the C, C,. terms for simplicity, the difference func-
tion can be solved as follows for the case where the actual
contacts are at locations 353 and 354:

Diffy =Cc7 +(n—=1)Cy = (Cc7 + (n=2)Cpy + Cy) + (Equations §)

Cy(Cpr+Cr+(m—1)Cy) -

(Cr2=Cr2)+ Cy(Cry +Cr +(m—=2)Chy + Ciy)
(CR 4+ (m — UCM 4+ C:W)

u(Cr +Cr+(m—2)Cpy) —

Cu(Cra+Cr+(m—=2)Cu)

Diff, = (Cyy — Ciy) +
Wa=Cn = Cu) Cr + (m—1)Cyy + C,

(Cyp = CyNCr +(m =2)Ciy)
CR +(m— I)CM +C:W

Diffy = (Cn — Ciy) -

o T (Cr+(m—2)Cy)
D!‘Eﬁ.ﬂ = (Cy _CM)_]'_ Cp+im—-1)Cy +C:w]

Diff,

; I Cug +wa
(Cy — Ciy) ,,
_CR +(m— 1)CM -I-CMr

2 r2
CM — CM
Cr+(m—1Cy -I-C:w

Diff,

The difference function can be solved as follows for the

alternate case where the actual contacts are at locations 351
and 352:

Diffy = Ccr +(n=2)Cy + Cly — (Cer + (n— 1)Cpy) + (Equations 9)

CM(CH +Cp + (m—Q)CM +
1 (Cr2 +Cr + (m—1)Cpy)
Cr+(m— l)CM +C:w

(Cr1 — Cr1) +

Cy(Cpzs +Cr+(m—2)C,,) —
Cly(Crpa+Cr+ (m—=2)Cy)
Cr+(m—1)Cpy + C,

Diffg = (Cy = Cur) =

(Cr+(m—2)Cpy) ]
Cp+(m— 1)CM +C:'bi'

v+ Cu }
Cr+n—1Chy +Chy

Diff, = (Cly cm[l —

Diffg = (Cyy = Cu)

Cii - C%
CR +(m— 1)CM -I—wa

[l

Since C, >C,/ and Datl ,>0>Ditl,, the locations of the
actual contacts can be inferred by finding the sign of the
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difference function. In one embodiment, the difference func-
tion can be maximized by maximizing C,, and minimizing
Cr. I1 C, 15 0, then the difference function can be represented
as:

(Equation 10)

In one embodiment, the difference function may be maxi-
mized by accumulating the difference function across mul-
tiple samples to reduce noise and create a higher effective
signal-to-noise ratio (SNR). Empirically, C,/ 1s approxi-
mately equal to 0.9 C, ,, so the difference function can be
approximated as follows:

Cn—Cy =0.1Cy (Equations 11)

0.8C

£

!

Diff,

.

In one embodiment, m/2 measurements of the difference
function may be taken to yield an accumulated signal level on

the same order as an ordinary self-capacitance measurement
when C,=0.

In one embodiment, the difference function may be maxi-
mized by performing Test 1 and Test 2 on the longest element
in the array. In this case, the system indirectly drives the
sensor element having the least amount of mutual capaci-
tance.

In one embodiment, the resolve scan may be performed as
differential self capacitance measurements. In this case, the
magnitude of the difference function 1s the same as for the
single-ended mode. However, 1n one embodiment, the differ-
ential measurement may be performed in half the time and
may provide better power supply noise immunity.

The differential form of the difference function measure-
ment 1s performed by measuring a pair of column sensor
clements, such as 320(2) and 320(7) simultaneously, and
measuring the output currents differentially.

FIG. 7A 1llustrates a circuit 900 1llustrating the differential
mode measurement. Per the analysis above, C.. and C,,,, val-
ues can be 1gnored. The difference function measurement 1s
influenced by variations in the mutual capacitance C, / caused
by a contact at the touch sensing surface. The differential
measurement circuit 900 can be further simplified nto a
simplified equivalent circuit using a delta-wye transforma-

tion. The simplified differential measurement equivalent cir-
cuit 950 1s 1llustrated 1n FIG. 7B.

The values of C , -, C, -, and C ,; are related to the capaci-
tances of FIG. 7A as expressed in Equations 12 and Table 2
below:

- CrC3Cy (Equations 12)
ACT C3(Cy + Cs + Cy)
CrC3Cy
Cac =
Cr(Cyr + Cy + Cy)
Cr(C3Cy
Cap =

Ca(Cs + C3 + Cy)
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TABLE 2
Finger
Position Cl1 C2 (3 C4 C5
353,354 Co+(n-2)Cy,+ Cyp Cyup Crs+ Crr+(n—-1)Cyy
351,352 CHh+(n-1)YCy, Cup Cyuy Crs+ Cr+(n-2)Chr+
(m = 2)Cyy Car

In one embodiment, both of the column sensor elements
320(2) and 320(7) are driven with the same signal during the
differential measurement, such that C ,, can be 1gnored.

With reference to FIG. 7B, the difference function, assum-
ing actual contacts at locations 353 and 354, can be solved as
tollows 1n Equations 13:

(Equations 13)

CoC3Cy - CuCiy(Cra +(m=2)Cpy)
C3(Co+C3+Cy)  Cy(Cra+(m—=1)Chy +Cly)

Ceot a=C1 +Cac =

Cu(Cra +(m—=2)Cyy)

Cra+n=20Cw + Cy +
cat = e+ O e = )Ch + Cly)

C,CsCy
CQ(CQ + C3 + C4) B

Cpe =

Ciy Ciy (Cra + (m=2)Cpy)
Cr(Cra+(m—1)Cy +Ciy)

Ceot g =Cs+Cpc =

Cu(Cra + (m—2)Ciy)
(Cra +(m—1)Chy +Ciy)

Cep + (H — I)CM +

Diff, =Ccoi p—Ceot a4 =(Cca—Ccp) +

(Cy = Cu)(Cra +(m =2)Cuy)

Cuvi — Ch0) +
(Cnr = C) Cra + (m —1)Chy + Cly

Diff, =(Cep —Cca) +

(Cra +(m—-2)Cy) ]

Cu — Chl1 =
(G M)[ Cra+ (m—1Chy + Chy

CA —

(Cra +(m—2)Cpy) ] |

D = (Cw — Ci)| 1 —
a = (Cu f’“’)l Crn+(m —1Cw + Ciy

CCB

Diff, = (Cas —

(Cra +(m—1)Cy + Cyy — (Cra + (m—Q)Cm))]
(Cra+ (m—1)Cy + Ciy)

c:w)[

Cyr +C, ]
Cpa+(m—1)Chy + C:W

Diff, = (Cy — Cyy)

2 ,2
CM _ CM
CRH + (m — I)CM + C:W

Diff,

ll¢

The difference function, assuming actual contacts at loca-
tions 351 and 352, can be solved as follows 1n Equations 14:

(Equations 14)

C2C3Cy ~ CuCy(Cra +(m—=2)Cy)
C3(Cr+C3+Cq)  Cy(Cra+(m—=1Cy +Cly)

Ceot a=C1+Cac=Cca+(n—1)Cuy +

Cu (Cra + (m = 2)Cpy )
(Cra +(m—1)Chy +Ciy)
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-continued
CrCsCy

Co(Cr +C3 +Ca)

Cpe =

Cp Chy(Cra + (m—=2)Cyy)
Ciy(Cra + (m—1)Cpr + Ciy)

Ceot 8 =Cs5+Cpc=Crp+n—=2)Chy +

Cu(Cra +(m—=2)Cyy)
(Cra +(m —1)Cy +Cly)

Diffo =Crot p—Ccrot 4 =(Ccp—Cra) +(Ciyy —Cup) +

(Crp = Ciy)(Cra +(m=2)Cyy)
Cpa +(m—l)CM +wa

!
Cy +

Diffg = (Cca — Cep) + (Cyy — CM)[l —

(Cra +(m—=2)Cy) ]
Cra +(m—1)Cpy + Cly

(Cra +(m—2)Cpy) ”
Cpa + (m — 1)CM + C’:w

CA —

Diff, = (C), - CMjll _
Cep
Diffy = (C)y —

(Cra + (m—1)Cpy + Cyy — (Cra + (m — QJCM))]
(Cra +(m—=1)Cy +Cy)

CM)[

Cuy + Cly }

Diff, =(C., = C
Wy = (C ”)[Cﬁﬁ(m—l)cw%

2
Chy — Ciy
CRH 4+ (H’l — l)CM + C:W

Diff, =

As with the case of the single-ended measurement,
Daff >0>Diit;, and set of actual contact locations can be
inferred by finding the sign of the difference function. In one
embodiment, the magnitude of the difference function 1s the
same whether the differential or single-ended mode 1s used.
Thus, 1n one embodiment, multiple samples may be used to
accumulate a difference function signal having a magnitude
that 1s the same order as an ordinary sell capacitance mea-
surement. In one embodiment where C,=0, m/2 measure-
ments may be accumulated.

As shown 1n the Diif equation, the greater the row parasitic
capacitance, C,, the less the resulting value. In one embodi-
ment, a greater number of repeated measurements 1s taken to
compensate for a higher parasitic row capacitance.

In one embodiment, the system performs the resolve scan
on sensor elements other than the sensor elements most
aifected by the actual contacts at the touch sensing surface.
For example, the resolve scan may include taking measure-
ments at row or column sensor elements adjacent to the sensor
clements most influenced by the presence of the contacts.

In one embodiment, the parasitic capacitances C,..- and
C, . may not be exactly equal, resulting in a more complex
difference function than described above. The inequality of
the parasitic capacitances may result 1n a shiit or offset in the
difference function, which may be compensated using cali-
bration.

FIG. 8A 1llustrates an array of sensor elements where each
of the sensor elements has connections at both ends. Each of
the row sensor elements 810(1)-810(6) 1n sensor array 800
has connections, such as connections 840, at both ends of the
sensor element. Similarly, each of the column sensor ele-
ments 820(1)-820(9) has connections, such as connections
830, at both ends of the sensor element.

In an alternative embodiment, only one of the set of row
sensor elements or column sensor elements has connections
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at both ends. For example, the row sensor elements may have
connections at both ends while the column sensor elements
are connected at one end. Alternatively, the column sensor
clements may have connections at both ends while the col-
umn sensor elements are connected at one end.

In one embodiment, the sensor array 800 1s manufactured
from an Indium Tin-Oxide (ITO) material. In one embodi-
ment, only some of the sensor elements 1n the sensor array
have dual connections, defining a limited area 1n which mul-
tiple touch resolution 1s available.

FIG. 8B illustrates an equivalent circuit of a sensor element
ol sensor array 800. The equivalent circuit 860 can be repre-
sented as an RC network that 1s connected at the ends to a
connection 881 and a connection 882, representing the con-
nections at the either end of the sensor element, such as
connections 830 or 840. In one embodiment, the connections
881 and 882 may be coupled to, for example, capacitance
sensor 101 1n electronic system 100.

In one embodiment, the response time, represented by a
time constant t, and charging amplitude of the RC network 1s
alfected by the position of the actual contacts on the sensor
clement.

For example, assuming that all resistances and all capaci-
tances are equal, such that:

Rg =Rgo= ... =Rgs=K

Co=Cor= ... =Cg,=C (Equations 15)

When an actual contact 1s present at position 871, the
difference At between a time constant tqo, measurable from
connection 881 and a time constant 1882 measurable from
connection 882 can be calculated according to Equations 16,
as follows:

Igg1 —Rg 1 xCyg +(Rg+Rg5)xCyo
Igg2 —Rgsx Cgyt(Rgy+Rg5)x Cga+(Rg3+Rgy+Rgs5)xCgo

At=tg | —tgg>=—3RxC (Equations 16)

When an actual contact 1s present at position 872, the time
constant difference At can be calculated according to Equa-
tions 17, as follows:

tgg1 —Rg 1 xCg+(Rg +Rg5)x Cgot+(Rg +Rgo+Rg3 )x Cgz+
(Rg)+Rgr+Rg3+Rg,)xCgy

Igg> —RgsxCgy

At=tgg | —tgg>=9RxC (Equations 17)

This difference 1n At as shown 1n Equations 16 and Equa-
tions 17 demonstrates that the position of the contact along
the sensor element can be determined by measuring the time
constant from both sides of the RC network of circuit 860.
Thus, 1n one embodiment, disambiguation may be performed
using a resolve scan that measures the time constant from
both ends of a sensor element atl

ected by a contact. In one
embodiment, two or more possible contact locations are
present at the scanned sensor element, and the resolve scan
identifies which of the possible contact locations 1s an actual
contact location based on the contact position indicated by the
time constants.

In one embodiment, the resolve scan 1s performed by
selecting a sensor element at which two or more possible
contact locations are present. In one embodiment, the system
may select a sensor element that corresponds to a histogram
peak of either the row histogram or the column histogram.
The system may then scan the sensor element from both ends
to determine the time constant difference. Based on the mea-
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sured time constant difference, the system can determine
which of the possible contact locations 1s an actual contact
location.

For example, after performing a standard sequential scan
of all the sensor elements the system may detect Y axis
histogram peaks at 810(5), 810(2) and X axis histogram peaks
at 820(2) and 820(7), resulting from contacts at locations 853
and 854. The system performs a resolve scan to determine the
locations of the actual contacts from the possible contact
locations 851, 852, 853, and 854.

If the system selects row sensor element 810(5) on which to
perform the resolve scan, the system may measure the time
constant from the left end of the element 810(5) by connect-
ing the right end to a high impedance, then sensing a switched
capacitor current at the left end of the element 810(5). Simi-
larly, the system may measure the time constant from the right
end of the element 810(5) by connecting the left end to a high
impedance, then sensing a switched capacitor current at the
right end of the element 810(5). The left and right ends of the
sensor element 810(5) may correspond to connection 881 and
connection 882, respectively, of the equivalent circuit 860.

In one embodiment, 1t the actual contact i1s closer to the
sensing end, the detected value of At 1s larger. Thus, by
comparing the At values measured from the left and right ends
of element 810(5), the system can determine that the actual
contact 854 1s closer to the right end of sensor element 810(5).
From this, the system can turther deduce that the other actual
contact 1s at location 833, since histogram peaks are also
detected at sensor elements 810(2) and 820(2).

In one embodiment, the resolve scan process described
above may be used when detecting a contact on a sensor array
having an internal short. FIG. 9 illustrates a sensor array 900
having a short 930 that connects sensor elements 910(5) and
910(4). Short 900 may be caused, for example, by a manu-
facturing defect.

When a standard scan 1s performed on the sensor array 900,
the resulting X axis histogram 930 includes a peak 931 and
the resulting Y axis histogram 940 includes peaks 941 and
942. The peak 942 1s detected because of the short 930 and
indicates that a contact has been applied to sensor element
910(4) even though the actual contact locations 951 1s on
sensor element 910(35). The possible contact locations 1ndi-
cated by the histograms 930 and 940 are locations 951 and
052.

In this case, even 1f the sensor elements 910(5) and 910(4)
are not connected at both ends, the left ends of elements
910(5) and 910(4) can be treated as two ends of a single sensor
clement so that the actual contact location can be 1dentified.
Each of the left ends of elements 910(5) and 910(4) may be
scanned to measure the time constant difference At.

In one embodiment, the detected value of At 1s larger 11 the
actual contact 1s closer to the sensing end. Thus, based on
peak 931 and a comparison of the At values measured from
the left ends of elements 910(5) and 910(4), the system can
determine that the actual contact 1s closer to the left end of
sensor element 910(5), at location 951.

FIG. 10 1llustrates a flow diagram of a multiple touch
detection process, according to one embodiment. In one
embodiment, multiple touch detection process 1000 may be
performed by processing logic 102 of electronic system 100
to detect multiple touches using a sensor arrays such as sensor
array 300 or sensor array 800.

At block 1002 of process 1000, the system performs a
standard scan to detect a plurality of possible touch locations.
In one embodiment, the plurality of possible contactlocations
may include row and column coordinates. For example, with
retference to FIG. 3, the possible contact locations may be

[l

10

15

20

25

30

35

40

45

50

55

60

65

20

designated by coordinates represented by peaks 331 and 332
in the X axis histogram 330 and the peaks 341 and 342 in the
Y axis histogram. From block 1002, the process 1000 contin-
ues at block 1004.

At block 1004, the system determines whether all the pos-
sible contacts are aligned. In one embodiment, the possible
contacts are aligned 1f either the X or Y axis histograms has
one peak while the other histogram has more than one peak.
If all the contacts are aligned, the process 1000 continues at
block 1010. If not all of the contacts are aligned, the process
1000 continues at block 1006.

At block 1006, the system 1dentifies at least a first sensor
clement corresponding to one of the row or column coordi-
nates detected at block 1002. In one embodiment, the sensor
clement may be the sensor element that most influences a
histogram peak. For example, with reference to FIG. 3, the
system may 1dentily row sensor element 310(5) as corre-
sponding to peak 341, or may identify column sensor element
320(2) corresponding to peak 331. From block 1006, the
process continues at block 1008.

At block 1008, the system responds to detecting the plu-
rality of coordinates by performing a resolve scan including at
least the first sensor element at the touch sensing surface.
From block 1008, the process 1000 continues at block 1010.

At block 1010, the system 1dentifies at least one of the
possible contact locations as an actual contact location. This
identification 1s based on the standard scan performed at
block 1002 and the resolve scan performed at block 1008. In
one embodiment, the system may use information from the
resolve scan to first identify one of the possible contacts as an
actual contact, then deduce the remainder of the actual con-
tacts based on the standard scan coordinates. For example,
with reference to FIG. 3, 1f the system determines that loca-
tion 353 1s an actual contact, the system can then deduce that
the other actual contact 1s at location 354 because of the
presence ol peaks 332 and 341. In one embodiment, the
system may also eliminate the possibility of an actual contact
at a particular location. For example, the system may deter-
mine based on the resolve scan that an actual contact 1s not
present at location 351 or 352. This determination may also be
used to eliminate the possibility that peaks 341 and 332 are
caused by actual contacts at locations 351 and 352. From
block 1010, the process 1000 continues back to block 1002,
according to one embodiment.

The process 1000 may thus repeat execution of blocks
1002-1010 to continuously detect and resolve multiple
touches over time.

FIG. 11 1llustrates a flow diagram of a resolve scan process,
according to one embodiment. In one embodiment, the
resolve scan process corresponds to operations performed at
block 1008 of multiple touch detection process 1000.

From block 1006 of process 1000, the resolve scan process
1100 begins at block 1102, where the system performs a first
measurement of a first sensor element 1n conjunction with a
second sensor element. In one embodiment, the system may
measure a capacitance at the first and second sensor elements,
which may be represented as a count value. From block 1102,
the process 1100 continues at block 1104.

Atblock 1104, the system performs a second measurement
of the first sensor element in conjunction with a third sensor
clement. In one embodiment, the system may measure a
capacitance at the first and third sensor elements which may
be represented as a count value. From block 1104, the process
1100 continues at block 1106.

At block 1106, the system determines whether a sufficient
number of measurements of the sensor elements have been
accumulated. In one embodiment, if the resolve scan mea-
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surements are much smaller in magnitude than the standard
scan signals, the resolve scan measurements may be accumu-
lated over several samples to generate a larger signal within a
detection range of the system. If, at block 1106, a sufficient
number ol measurements have been accumulated, the process

1100 continues at block 1010 of process 1000. If, at block
1106, a sufficient number of measurements have not been
accumulated, the process 1100 continues back to block 1102.

In one embodiment, the resolve scan process 1100 thus
repeats blocks 1102-1106 to accumulate measurements until
the magnitude of the resulting accumulated measurement 1s
on the same order as a capacitance measurement of a standard
scan.

FI1G. 12 illustrates a tlow diagram of a resolve scan process,
according to one embodiment. In one embodiment, the
resolve scan process corresponds to operations performed at
block 1008 of multiple touch detection process 1000.

From block 1006 of process 1000, the resolve scan process
1200 begins at block 1202, where the system performs a first
scan of the first sensor element (from block 1006) while
floating a second sensor element corresponding to a second
coordinate of the coordinates detected at block 1002. For
example, with reference to FIG. 4B, the system may sense a
capacitance of a first sensor element 320(7) while tloating a
second sensor element 310(3). The first sensor element 320
(7) and the second sensor element 310(5) correspond to peak
332 and peak 341 of FIG. 3, respectively. In one embodiment,
the first sensor element intersects the second sensor element.
For example, sensor element 320(7) intersects sensor element
310(5) at location 354. From block 1202, the process 1200
continues at block 1204.

At block 1204, the system performs a second scan of the
first sensor element (from block 1006) while floating a third
sensor element corresponding to a third coordinate of the
coordinates detected at block 1002. For example, with refer-
ence to FIG. 5, the system may measure a capacitance at the
first sensor element 320(7) while tloating a third sensor ele-
ment 310(2). The first sensor element 320(7) and the third
sensor element 310(2) correspond to peaks 332 and 342,
respectively, of FIG. 3. In one embodiment, the third sensor
element intersects the first sensor element, as sensor element
320(7) mtersects sensor element 310(2) at location 352 1n
FIG. 3. In one embodiment, the operations of blocks 1202 and
1204 may be combined into a differential measurement as
described above with reference to FIGS. 7A and 7B. From
block 1204, the process continues at block 1206.

Atblock 1206, the system determines a diflerence between
a measurement obtained from the first scan at block 1202 and
a measurement obtained from the second scan at block 1204.
In one embodiment, the difference may be determined using
a difference function such as the difference function of Equa-
tion 7. From block 1204, the process 1200 continues at block
1010 of process 1000. In one embodiment, the difference
determined at block 1206 1s used at block 1010 to 1dentify the
actual contact location.

FI1G. 13 illustrates a flow diagram of a resolve scan process,
according to one embodiment. In one embodiment, the
resolve scan process corresponds to operations performed at
block 1008 of multiple touch detection process 1000. The
system may perform the resolve scan process 1300 using a
sensor array having sensor elements connected at both ends,
such as sensor array 800 1llustrated 1n FIG. 8A.

From block 1006 of process 1000, the resolve scan process
1300 begins at block 1302. At block 1302, the system detects
a {irst time constant at a first end of the first sensor element
(from block 1006) while a second end of the first sensor
clement 1s connected to a high impedance. For example, with
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reference to FIG. 8 AB, the system may measure the first time
constant at the left end of sensor element 810(5) while the
right end of sensor element 810(5) 1s connected to a high

impedance. From block 1302, the process 1300 continues at
block 1304.

Atblock 1304, the system detects a second time constant at
the second end of the first sensor element while the first end of
the first sensor element 1s connected to a high impedance. For
example, with reference to FIG. 8 AB, the system may detect
the second capacitance at the right end of sensor element
810(5) while the left end of sensor element 810(5) 1s con-
nected to a high impedance. From block 1304, the process

1300 continues at block 1306.

At block 1306, the system determines a first distance
between the actual contact location and a first end of the first
sensor element and a second distance between the actual
contact location and a second end of the first sensor element.
In one embodiment, the first and second distances may cor-

respond to the time constant values determined at blocks 1302
and 1304. From block 1306, the process 1300 continues at
block 1308.

At block 1308, the system compares the first distance and
the second distance from block 1306. From block 1308, the
process continues to block 1010 of process 1000. In one
embodiment, the result of the comparison performed at block
1308 1s used at block 1010 to i1dentify the actual contact
location.

Various embodiments may thus perform the multiple touch
detection process 1000 to detect the actual locations of con-
tacts at a touch sensing surface. During the multiple touch
detection process 1000, the various embodiments may per-
form a resolve scan similar to any of resolve scan processes
1100, 1200, or 1300.

Embodiments of the present invention, described herein,
include various operations. These operations may be per-
formed by hardware components, software, firmware, or a
combination thereof. As used herein, the terms “coupled to”
or “coupled with” may mean coupled directly or indirectly
through one or more intervening components. Any of the
signals provided over various buses described herein may be
time multiplexed with other signals and provided over one or
more common buses. Additionally, the interconnection
between circuit components or blocks may be shown as buses
or as single signal lines. Fach of the buses may alternatively
be one or more single signal lines and each of the single signal
lines may alternatively be buses.

Certain embodiments may be implemented as a computer
program product that may include 1nstructions stored on a
computer-readable medium. These instructions may be used
to program a general-purpose or special-purpose processor to
perform the described operations. A computer-readable
medium 1ncludes any mechanism for storing or transmitting,
information 1n a form (e.g., soltware, processing application)
readable by a machine (e.g., a computer). The computer-
readable storage medium may include, but 1s not limited to,
magnetic storage medium (e.g., floppy diskette); optical stor-
age medium (e.g., CD-ROM); magneto-optical storage
medium; read-only memory (ROM); random-access memory
(RAM); erasable programmable memory (e.g., EPROM and
EEPROM); flash memory, or another type of medium suit-
able for storing electronic instructions. The computer-read-
able transmission medium includes, but 1s not limited to,
clectrical, optical, acoustical, or other form of propagated
signal (e.g., carrier waves, infrared signals, digital signals, or
the like), or another type of medium suitable for transmitting
clectronic mstructions.
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Additionally, some embodiments may be practiced 1n dis-
tributed computing environments where the computer-read-
able medium 1s stored on and/or executed by more than one
computer system. In addition, the information transferred
between computer systems may either be pulled or pushed
across the transmission medium connecting the computer
systems.

Although the operations of the method(s) herein are shown
and described 1n a particular order, the order of the operations
of each method may be altered so that certain operations may
be performed 1n an inverse order or so that certain operation
may be performed, at least 1n part, concurrently with other
operations. In another embodiment, instructions or sub-op-
erations of distinct operations may be 1n an intermittent and/
or alternating manner.

In the foregoing specification, the invention has been
described with reference to specific exemplary embodiments
thereof. It will, however, be evident that various modifica-
tions and changes may be made thereto without departing
from the broader spirit and scope of the invention as set forth
in the appended claims. The specification and drawings are,
accordingly, to be regarded 1n an illustrative sense rather than
a restrictive sense.

What 1s claimed 1s:
1. A method, comprising;:
performing a first scan of a plurality of sensor elements to
detect a plurality of capacitances indicating a presence
of multiple contacts at a touch sensing surface;

calculating a plurality of coordinates based on the plurality
of capacitances, wherein the plurality of coordinates
includes a plurality of row coordinates and a plurality of
column coordinates, wherein the plurality of row coor-
dinates and plurality of column coordinates indicate a
plurality of possible contact locations for the multiple
contacts;

in response to detecting the plurality of coordinates, per-

forming a resolve scan of at least a first sensor element at
the touch sensing surface, wherein the first sensor ele-
ment corresponds to at least a first coordinate of the
plurality of coordinates and wherein the resolve scan
COMprises:
detecting a first time constant at the first end of the first
sensor element while the second end of the first sensor
clement 1s connected to a high impedance; and
detecting a second time constant at the second end of the
first sensor element while the first end of the first
sensor element 1s connected to a high impedance; and
based on the resolve scan, identifying at least one of the
possible contact locations as an actual contact location.

2. The method of claim 1, wherein performing the resolve
scan further comprises:

performing a first measurement of the first sensor element

in conjunction with a second sensor element corre-
sponding to a second coordinate of the plurality of coor-
dinates; and

performing a second measurement of the first sensor ele-

ment 1n conjunction with a third sensor element corre-
sponding to a third coordinate of the plurality of coor-
dinates.

3. The method of claim 2, wherein the second sensor ele-
ment and the third sensor element are perpendicular to the
first sensor element.

4. The method of claim 2, further comprising comparing,
the first measurement with the second measurement.

5. The method of claim 1, wherein performing the resolve
scan further comprises:
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performing a first scan of the first sensor element while
floating a second sensor element corresponding to a
second coordinate of the plurality of coordinates;

performing a second scan of the first sensor element while
floating a third sensor element corresponding to a third
coordinate of the plurality of coordinates; and

wherein 1dentiiying the at least one of the possible contact

locations as the actual contact location 1s based on a
difference between a measurement obtained from the
first scan and a measurement obtained from the second
scan.

6. The method of claim 5, wherein performing the resolve
scan further comprises accumulating the difference over mul-
tiple samples.

7. The method of claim 5, wherein the difference 1s based
on a differential measurement of the second sensor element
and the third sensor element.

8. The method of claim 1, wherein performing the resolve
scan further comprises comparing a first distance with a sec-
ond distance, wherein the first distance is a distance between
the actual contact location and a first end of the first sensor
clement and the second distance 1s a distance between the
actual contact location and a second end of the first sensor
clement.

9. The method of claim 8, wherein 1dentifying at least one
ol the possible contact locations as an actual contact location
comprises identifying one of the possible contact locations
closest to one of the first end or the second end of the first
sensor element as the actual contact location.

10. An apparatus, comprising;:

an mput configured to recerve a plurality of capacitance

measurements acquired using a first scan of the touch
sensing suriace, wherein the plurality of capacitance
measurements are mdicative of a plurality of row coor-
dinates and a plurality of column coordinates, wherein
the plurality of row coordinates and the plurality of
column coordinates designate a plurality of possible
contact locations at the touch sensing surface; and

a processing logic coupled with the mput, wherein the

processing logic 1s configured to:
in response to recewving the plurality of coordinates,
perform aresolve scan of at least a first sensor element
at the touch sensing surface, wherein the first sensor
clement corresponds to at least a first coordinate of the
plurality of coordinates, wherein the resolve scan
COMprises:
detecting a first time constant at the first end of the first
sensor element while the second end of the first
sensor element 1s connected to a high impedance,
and
detecting a second time constant at the second end of
the first sensor element while the first end of the
first sensor element 1s connected to a high 1imped-
ance; and
based on the resolve scan, identify at least one of the
possible contact locations as an actual contact loca-
tion.

11. The apparatus of claim 10, wherein the processing logic
1s Turther configured to perform the resolve scan by:

performing a first measurement of the at least one sensor

clement in conjunction with a second sensor element
corresponding to a second coordinate of the plurality of
coordinates; and

performing a second measurement of the at least one sen-

sor element 1n conjunction with a third sensor element
corresponding to a third coordinate of the plurality of
coordinates.
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12. The apparatus of claim 11, wherein the second sensor
clement and the third sensor element are perpendicular to the
first sensor element.

13. The apparatus of claim 11, wherein the processing logic
1s Turther configured to 1dentify the at least one of the possible
contact locations as the actual contact location by comparing
the first measurement with the second measurement.

14. The apparatus of claim 10, wherein the processing logic
1s Turther configured to perform the resolve scan by:

performing a first scan of the at least one sensor element

while floating a second sensor element corresponding to
a second coordinate of the plurality of coordinates; and
performing a second scan of the at least one sensor element
while floating a third sensor element corresponding to a
third coordinate of the plurality of coordinates; wherein
identifying the at least one of the possible contact loca-
tions as an actual contact location 1s based on a differ-
ence between a measurement obtained from the first
scan and a measurement obtained from the second scan.
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15. The apparatus of claim 14, wherein the processing logic
1s Turther configured to perform the resolve scan by accumu-
lating the difference over multiple samples.

16. The apparatus of claim 14, wherein the difference 1s
based on a differential measurement of the second sensor
clement and the third sensor element.

17. The apparatus of claim 10, wherein the processing logic
1s Turther configured to perform the resolve scan by compar-
ing a first distance with a second distance, wherein the first
distance 1s a distance between the actual contact location and
a first end of the first sensor element and the second distance
1s a distance between the actual contact location and a second
end of the first sensor element.

18. The apparatus of claim 17, wherein the processing logic
1s Turther configured to identify at least one of the possible

contact locations as an actual contact location by identifying
a possible contact location closest to one of the first end or the
second end of the first sensor element as the actual contact
location.
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